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The 26S proteasome proteolyses ubiquitylated pro-
teins and is assembled from a 20S proteolytic core
and two 19S regulatory particles (19S-RP). The
19S-RP scaffolding subunits Rpn1 and Rpn2 func-
tion to engage ubiquitin receptors. Rpn1 and Rpn2
are characterized by eleven tandem copies of a 35–
40 amino acid repeat motif termed the proteasome/
cyclosome (PC) repeat. Here, we reveal that the
eleven PC repeats of Rpn2 form a closed toroidal
structure incorporating two concentric rings of a
helices encircling two axial a helices. A rod-like
N-terminal domain consisting of 17 stacked a helices
and a globular C-terminal domain emerge from one
face of the toroid. Rpn13, an ubiquitin receptor, binds
to the C-terminal 20 residues of Rpn2. Rpn1 adopts
a similar conformation to Rpn2 but differs in the
orientation of its rod-like N-terminal domain. These
findings have implications for understanding how
19S-RPs recognize, unfold, and deliver ubiquitylated
substrates to the 20S core.
INTRODUCTION
Protein degradation by the ubiquitin-proteasome system is
responsible for regulating diverse cellular processes, ranging
from control of the cell cycle to regulation of protein kinase
cascades and protein homeostasis (Finley, 2009; Komander,
2009). Proteins targeted for proteolysis by the 26S proteasome
are recognized through an ubiquitin polymer conjugated to one
or more substrate lysine residues. Ubiquitin polymers generated
from Lys48 linkages are the primary recognition signals for
the proteasome, though other linkages, such as via Lys11, can
also target specific substrates (Komander, 2009). The molecular
mechanisms underlying the recognition of polyubiquitylated
proteins by the proteasome remain poorly defined.
The 26S proteasome is assembled from the 20S proteolytic
core particle with 19S regulatory particles (19S-RP) located at
each end (Goldberg, 2003). The 19S-RP comprises at least 18Structure 20,subunits and functions to recognize ubiquitylated proteins and
prepare them for proteolysis by the 20S core (Kim et al., 2011;
Voges et al., 1999). The 26S proteasome has been studied by
negative stain and cryo-electron microscopy and single-particle
analysis (Bohn et al., 2010; da Fonseca and Morris, 2008),
providing intermediate resolution descriptions of the 19S-RP
and some mapping of subunits. However, high-resolution struc-
tural information on the 19S-RP or its individual subunits has
been limited. The homologous subunits Rpn1 and Rpn2 are
the largest subunits of the 19S-RP. A 19S-RP subcomplex
formed by these subunits together with the AAA-ATPase subunit
(Rpt) heterohexamer has been identified as closely associated
with the 20S core (Glickman et al., 1998). Furthermore, Rpn1
and Rpn2 have been identified as components of pre-assembly
Rpn1-Rpt1-Rpt2 and Rpn2-Rpt3-Rpt6 precursor entities (Funa-
koshi et al., 2009; Saeki et al., 2009).
Rpn2 and Rpn1 play crucial roles in the 26S proteasome, both
by engaging with ubiquitin binding proteins, such as Rpn13
(Schreiner et al., 2008) and Rad23 (Elsasser et al., 2002), and
acting as scaffolds for the assembly of the 19S-RP by mediating
interactions with neighboring subunits and auxiliary factors. The
central region of both proteins features eleven repeats of a 35-40
residue sequence motif, also conserved in the Apc1 subunit of
the anaphase-promoting complex/cyclosome (APC/C), and
termed the proteasome/cyclosome (PC) repeat (Lupas et al.,
1997). PC repeats were predicted to form a-turn-a motifs that
generate a toroidal fold (Kajava, 2002). The crystal structure of
Rpn2 presented here and the related model for Rpn1 represent
a significant advance toward the goal of mapping the 19S-RP
and describing its molecular mechanisms.
RESULTS AND DISCUSSION
Rpn2 Is Composed of a Rod-like N-terminal Domain,
a Toroidal PC Domain, and a Globular C-terminal
Domain
The structure of Saccharomyces cerevisiae Rpn2 (945 residues)
expressed in Escherichia coli was determined to a resolution of
2.7 A˚. The refinement of the structure converged with values of
Rwork and Rfree of 0.18 and 0.24, respectively (Table 1), and
100% of the residues within the allowed region of the Rama-
chandran plot (Figure S1 available online). Rpn2 comprises three513–521, March 7, 2012 ª2012 Elsevier Ltd All rights reserved 513
Table 1. Data Collection and Refinement Statistics
Data Collection Statistics
Se-MET WII Se-MET WI
Beam line ESRF ID23 ESRF ID23
Space Group P21 P21
Unit Cell Parameters
a (A˚) 73.96 73.95
b (A˚) 148.66 148.69
c (A˚) 143.03 114.03
b () 107.39 107.39
Z 2 2
Resolution limits (A˚) 74.33-2.60
(2.85-2.70)
74.33-2.80
(2.95-2.80)
Rmerge 0.102 (0.597) 0.128 (0.800)
I/s (I) 9.1 (2.4) 11.2 (3.3)
Total no. unique 64456 (9352) 57931 (8468)
Completeness (%) 99.9 (99.4) 100.0 (100.0)
Multiplicity 5.2 (4.9) 7.5 (7.7)
Anomalous
completeness (%)
99.0 (98.0) 99.6 (99.9)
Anomalous multiplicity 2.6 (2.5) 3.8 (3.8)
Refinement Statistics
Resolution limits (A˚) 70.57-2.70
Number of reflections
Working set 63022
Test set 1322
Rwork/Rfree 0.1827/0.2402
Number of atoms
Protein 12581
Solvent 59
Mean B-factors
Protein atoms (A˚2) 79.71
Solvent atoms (A˚2) 56.23
RMSD from Ideal values
Bond length (A˚) 0.008
Bond angles () 1.192
Ramachandran plot Statistics
Preferred (%) 98.0
Allowed (%) 2.0
Outliers (%) 0.0
See also Figure S1.
Figure 1. Rpn2 Adopts a Distinctive Fold Comprising Three Distinct
Domains
(A–C) Orthogonal views of S. cerevisiae Rpn2.
(D–F) Orthogonal views of the toroidal-barrel-like PC repeat domain high-
lighting outer, inner, and axial a helices. The helices of the PC repeats are
labeled in D with 1o referring to the outer helix of repeat 1 and 1i referring to the
inner helix of repeat 1, etc., whereas the axial helices are labeled a1 and a2.
Structure
The Structure of the 26S Proteasome Subunit Rpn2distinct domains: a central PC domain flanked by a rod-like
N-terminal domain and a globular C-terminal domain (Figures
1A–1C). There are two copies of Rpn2 per asymmetric unit
(Figure S2), with both molecules adopting very similar conforma-
tions. In both Rpn2 molecules, residues 788–858 are disordered
(Figure 2), whereas residues 1–44 are disordered in one Rpn2
molecule. An additional region at the extreme C-terminus
(residues 925–945) is also disordered. Studies of the relative
abundance of subunits in the 26S proteasome indicate that there
is only a single copy of Rpn2 in each 19S-RP (Nickell et al., 2009).
Hence, the dimeric assembly of Rpn2 in the crystallographic514 Structure 20, 513–521, March 7, 2012 ª2012 Elsevier Ltd All righasymmetric unit is not representative of its organization in the
26S proteasome.
Structure of the Rpn2 PC Domain and PC Repeats
Each PC repeat comprises a pair of antiparallel a helices, and
the eleven PC repeats of Rpn2 match those predicted (Kajava,
2002; Figures 2 and 3A). Consecutive PC repeats are arranged
to form a double layer of a helices (Figures 1D, 1E, and 4A), and
the curvature of adjacent repeats generates a closed toroidal
structure of two concentric rings, consisting of the outer and
inner helices. Notably, the central pore of the toroid is occupied
by a pair of antiparallel hydrophobic axial a helices lying
colinear with the PC repeat a helices. These axial a helices,
positioned immediately C-terminal to the PC repeats in the
sequence of Rpn2 (Figure 2), were not predicted previously (Ka-
java, 2002). The inner helices are shielded from the solvent by
outer helices, flanking inner helices and axial helices, and thus
explaining their unusual density of hydrophobic residues (Fig-
ure 3A). The tight curvature of the toroid imposes radically
different environments on the inner and outer helices. Thus,
the axial separation of the inner helices is 8 A˚ but 14 A˚ for
the outer helices, and the close packing of the inner helices
explains their preponderance of small amino acids (Figures 3A
and 4A). In contrast, both axial helices are well separated byts reserved
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Figure 2. Structure-Based Sequence Alignment of Rpn2 from Human, C. elegans, S. cerevisiae, and S. pombe
Invariant residues are highlighted in red. Secondary structural elements in the N-terminal, PC, and C-terminal domains are colored blue, brown, and yellow,
respectively. The figure was produced using ALSCRIPT (Barton, 1993).
See also Figures S2 and S3.
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Figure 3. PC and HEAT Repeats Share Related Sequences
(A) Rpn2 comprises eleven PC repeats divided into outer and inner a helices. Within the inner a helices, a conserved aliphatic residue (repeat position 27, red),
typically Ile, Leu, orMet, termed here the PC reference residue, is flanked on both sides by a pair of small (cyan) and large (yellow) nonpolar residues. Red and blue
arrows denote Asp and Arg residues, respectively, of an Asp-Arg ion pair; a green arrow indicates a conserved left-handed a-helical Gly residue. The sequence
shown is S. cerevisiae Rpn2.
(B) HEAT repeats of the PP2A subunit PR65 share sequence similarities with PC repeats and are structurally divided into A and B helices equivalent to the outer
and inner a helices, respectively, of Rpn2 PC repeats. N-terminal regions of the PC and HEAT repeats inner a helices share a related pattern of small and large
hydrophobic residues. An Asp-Arg ion pair is also conserved.
(C) Predicted eleven PC repeats of S. cerevisiae Apc1. Predicted axial helices of Apc1 correspond to residues 1517 to 1549. The figure was produced using
ALSCRIPT (Barton, 1993).
Structure
The Structure of the 26S Proteasome Subunit Rpn2bulky side chains (Figure 1E). The eleven inner helices are struc-
turally, strictly conserved, whereas the outer helices are consid-
erably more variable (Figure 4B), reflected in their lower
sequence conservation (Figure 3A).
PC and HEAT Repeats Are Structurally Related
The toroidal arrangement of PC repeats resembles the parallel
packing of HEAT repeats exemplified by the PP2A subunit of
PR65 (Groves et al., 1999). Contiguous HEAT repeats generate
a curved and elongated double layer of a helices, with the
A-helices forming the convex surface and the B-helices forming
the concave surface (Figures 3B and 4C). The A- and B-helices
are analogous to the outer and inner helices of the PC repeat,
respectively. In HEAT repeats, a signature motif Asp-Arg ion
pair stabilizes both the secondary structure by serving as
N- and C-helix capping residues, as well as the tertiary structure,516 Structure 20, 513–521, March 7, 2012 ª2012 Elsevier Ltd All righthrough interrepeat Asp-Arg salt bridges (Figures 3B and 4D).
Similar Arg-Asp ion pairs, bridging PC repeats of Rpn2 (Figures
3A and 4E), together with a related pattern of large and small
nonpolar residues at the N-termini of the inner helices of HEAT
and PC repeats, suggest a common evolutionary origin for PC
and HEAT repeats. However, differing from PC repeats, each
a helix of the HEAT repeat is one helical turn longer than their
PC repeat counterparts (Figure 4F), and because the concave
face of HEAT motifs are solvent exposed, their inner helices
lack the consecutive nonpolar residues characteristic of PC
repeats (Figures 3A and 3B).
The PC repeat domain can be compared with the proteasome
activator Blm10, which is composed of 32 HEAT repeats
arranged in a 1.5 turn left-handed solenoid (Sadre-Bazzaz
et al., 2010). Blm10 differs from the PC repeat domain in that it
forms a spiral rather than a closed circle. Furthermore, it is alsots reserved
Figure 4. Architecture of PC Repeats and Their
Relationship to HEAT Repeats
(A) Close packing at the interrepeat turns facilitated by
small residues within the inner helix allows interrepeat
main-chain hydrogen bonding.
(B) Superimposition of all eleven Rpn2 PC repeats indi-
cates structural conservation of the inner helix (including
reference residue 27 indicated; see also Figure 3) but poor
structural conservation of the outer helices.
(C) Comparison of Rpn2 PC repeats with the 15 HEAT
repeats of the PP2A PR65 subunit.
(D and E) HEAT and PC repeats share a related Asp-Arg
ion pair with Asp of the C terminus of the outer helix
of repeat i linking the N-terminus of the inner helix of
repeat i+1.
(F) Stereo-view of three PC and HEAT repeats super-
imposed.
Structure
The Structure of the 26S Proteasome Subunit Rpn2overall less strongly curved; hence, its diameter is 2-fold
greater than that of the PC repeat domain. In addition to the
structural similarity to proteins with multiple HEAT repeats, the
double layer of concentric a helices of the PC repeat domain is
reminiscent of the Fo-ATPase, where ten subunits, each
composed of a pair of antiparallel a helices, assemble into
a ring with a double layer of a helices (Stock et al., 1999).
Structure of the Rpn2 N- and C-terminal Domains and
Mapping of the Rpn13 Binding Site
In Rpn2, the centrally located PC domain connects with the
N- and C-terminal domains through its lower surface and both
N- and C-terminal domains form interactions with the inter-PC
repeat turns (Figures 1A–1C). The N-terminal domain adopts a
linear rod-like architecture that is 90 A˚ in length with two
segments of five and eleven antiparallel a helices interrupted
by a long linker a helix lying perpendicular to its immediate
neighbors (Figures 1A–1C and 2).
The C-terminal domain, spatially adjacent to the N-terminal
domain (Figures 1A–1C), comprises a globular b sandwich struc-
ture with a weak similarity to the C-terminal b sandwich of
carboxypeptidase GP180 (Aloy et al., 2001; Figure S3). A
previous study revealed that the C-terminal 52 residues of the
Rpn2 C-terminal domain are responsible for mediating interac-
tions with the ubiquitin-binding subunit Rpn13 (Schreiner et al.,Structure 20, 513–521, March 72008). To more precisely define the region of
Rpn2 responsible for Rpn13 interactions, we
tested the ability of a series of C-terminal trunca-
tions of S. cerevisiae Rpn2 together with GST or
Smt3 fusion proteins incorporating C-terminal
fragments of Rpn2 to bind Rpn13 (Figures 5A
and 5B). We confirmed that the C-terminal 54
residues of S. cerevisiae Rpn2 (residues 892 to
945) are sufficient in mediating Rpn13 interac-
tions (Figure 5A, lane 6 and Figure 5B, lane 1).
Interestingly, the extreme C-terminal 20 or 21
residues of Rpn2 (926–945 or 925–945) were
equally effective at binding Rpn13 (Figure 5A,
lane 8; Figure 5B, lanes 3 and 4). Moreover,
whereas full-length Rpn2 bound Rpn13 tightly,
residues 1–924 failed to interact with Rpn13(Figure 5A, lanes 2 and 4). These data indicate that theC-terminal
20 residues of Rpn2 are necessary and sufficient to bind Rpn13.
Interestingly, since residues 1–937 of Rpn2 are capable of
binding Rpn13 (Figure 5A, lane 3), the region of Rpn2 critical
for Rpn13 binding should reside between residues 925 to 937.
Multiple sequence alignments indicate that Rpn2 orthologs
are highly conserved in this C-terminal region and share charac-
teristic acidic, aromatic, and proline residues, suggesting a
common function (Figure 5C). In the structure of Rpn2 from
S. cerevisiae described here, this region is exposed and disor-
dered, and is thus accessible for associating with Rpn13 (Fig-
ure 5D). The Rpn2 binding surface of human Rpn13 has been
mapped by nuclear magnetic resonance titration to one surface
of its Pru domain (Chen et al., 2010). Residues 926–945 of
S. cerevisiae Rpn2 may adopt an extended conformation to
bind to an equivalent surface in S. cerevisiae Rpn13. It is also
possible that adjacent regions of Rpn2 contribute to this binding
surface. However, any such additional binding regions on Rpn2
would be expected to be associated with substantially weaker
interactions than with residues 926–945, since such interactions
were not detected in the binding studies described here.
Structural Conservation of Rpn2
Mapping the structural conservation of Rpn2 onto its molecular
surface (CONSURF; Glaser et al., 2003; Landau et al., 2005), 2012 ª2012 Elsevier Ltd All rights reserved 517
Figure 5. Rpn13 Binds to the C-terminal 20 Residues of Rpn2
(A and B) Rpn13 was incubated with various immobilized constructs of Rpn2
(full-length Rpn2, C-terminally truncated Rpn2, and C-terminal fragments of
Rpn2 fused to GST and Smt3). The protein bound to the washed resin was
analyzed using SDS-PAGE.
(C) Multiple sequence alignment corresponding to the C-terminal 20 residues
of Rpn2.
(D) Diagram of the Rpn2-Rpn13 interaction.
Figure 6. Structural Conservation of Rpn2
(A–C) Orthogonal views of the Rpn2 molecular surface color-coded for
conservation of residues (where blue corresponds to high and red to low
conservation). Structural conservation is mainly confined to the upper surface
of the PC repeat domain on the same face of the molecule as a conserved
ridge on the N-terminal rod-like domain.
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peat turns (Figures 6A–6C), reminiscent of the conservedprotein-
interacting ridge generated by successive intrarepeat turns of the
PR65 HEATmotifs (Groves et al., 1999; Shi, 2009). The structural
conservation of the PC domain lies on the same face of themole-
cule as a ridge of conservation present on the N-terminal rod-like
domain. Thus, a likely interaction interface with other proteaso-
mal subunits and/or ubiquitin-binding proteins is situated on
the upper face of the PC domain toroid, extending to the
N-terminal domain. Accordingly, the docking of Rpn2 into
a cryo-EM map of the 26S proteasome shows that the more
highly conserved regions correspond to proteasome subunit/
subunit interfaces (P.C.A.F., J.H., and E.P.M., unpublished data).
Structural Similarity between Rpn2 and Rpn1
Our structure of Rpn2 provides a template for understanding the
structure of Rpn1. Sequence analysis of Rpn1 indicates a central
domain composed of eleven PC repeats (Kajava, 2002; Lupas
et al., 1997), an N-terminal domain with a series of a-helical518 Structure 20, 513–521, March 7, 2012 ª2012 Elsevier Ltd All righsegments similar to Rpn2, and a C-terminal domain of about
half the length of Rpn2 with a set of b strands homologous to
those in Rpn2. Accordingly, we investigated the overall structural
similarities between Rpn1 and Rpn2 by electron microscopy and
single-particle analysis. Electron microscope images of nega-
tively stained Rpn1 (Figure S4A) were analyzed by reference-
free alignment and classification. The resulting class averages
(Figure 7A) revealed a range of appearances typically consisting
of a rod-like extension and a globular region. To investigate the
similarity with Rpn2, the coordinates of Rpn2were used to calcu-
late a three-dimensional map sampled on the same grid as the
Rpn1 data and low-pass filtered to a resolution of 20 A˚. The
Rpn2 map was used to calculate a set of projection images (Fig-
ure S4B). To facilitate comparison, these projection images were
used as references for multireference alignment of the Rpn1
class averages shown in Figure 7A. The class averages and cor-
responding Rpn2 projection images show good agreement and
cover a wide range of projection directions (Figure 7B). For
a more detailed comparison between Rpn1 and Rpn2, a three-
dimensional map was calculated from the Rpn1 molecular
images using the Rpn2 structure as an initial reference for align-
ment and angular assignment (Figures 7C–7E). The map
confirms the overall structural similarity between Rpn1 and
Rpn2. The Rpn2 coordinates were docked into the Rpn1 mapts reserved
Figure 7. Structural Analysis of Rpn1 by Electron Microscopy
(A) Class averages of molecular images of Rpn1.
(B) Rpn1 class averages (top) aligned to corresponding two-dimensional
projections of Rpn2 low-pass filtered to 20 A˚ resolution (bottom).
(C–E) Three-dimensional reconstruction of Rpn1 (mesh) with docked coordi-
nates (red cartoon) derived by docking the N-terminal, PC, and C-terminal
domains of Rpn2 independently.
(F–H) Comparison between the Rpn2 structure (green coordinates) and the
Rpn1model (red coordinates). To aid comparison, the PC domains of the Rpn2
structure and the Rpn1 model are aligned with each other.
See also Figure S4.
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agreement between the map and coordinates was obtained by
separating the N-terminal, PC, and C-terminal domains of
Rpn2 and docking them independently (Figures 7C–7E). In
comparing the independently docked coordinates with the orig-
inal Rpn2 coordinates (Figures 7F–7H), it is apparent that there is
a significant re-orientation of the N-terminal domain. Hence,
Rpn1 and Rpn2 would appear to be closely related, but confor-
mationally distinct, structures. Previous electron-microscope-
based analysis of Rpn1 and Rpn2 (Effantin et al., 2009) yielded
class averages that are generally similar to those described
here and can now be recognized as being consistent with the
appearance in projection of the toroidal PC and extended
N-terminal domains (Figure 7A). In this earlier study, differencesStructure 20,in the extended domains were explained by conformational vari-
ability for this part of the structure. The current results show,
however, that these effects can be explained by the differences
in orientation. The similar conformations of the two copies of
Rpn2 in the crystallographic asymmetric unit indicate that
Rpn2 is quite rigid (Figure S2). Furthermore, the three-dimen-
sional (3D) analysis of the Rpn1 electron microscope data indi-
cates that it too is quite rigid (Figures 7C–7E).
The PC Domain of Apc1
The Rpn2 structure can be also used to understand the PC
domain of Apc1. Sequence analysis of Apc1 unequivocally iden-
tifies ten PC repeats (Figure 3C), whereas an additional repeat
(PC8) shares fewer consensus residues. As in Rpn2, the pre-
dicted inner helices share the characteristic 12 consecutive,
nonpolar residues, consistent with a buried environment. More-
over, two predicted a helices immediately C-terminal to PC11 in
the sequence of Apc1 are predominantly nonpolar and are likely
to represent the axial a helices.
Conclusions
The structures determined here for Rpn2 and Rpn1, together
with homology models for the Rpt subunits that can be derived
from their archaeal analog PAN (Djuranovic et al., 2009; Zhang
et al., 2009), form a strong framework for understanding the
structural organization of the 19S-RP. The extensive hydro-
phobic interaction between the axial a helices and the inner
a helices of the Rpn2 PC domain (408 A˚2) suggest a highly
stable conformation. Hence, although the fold and dimensions
of the PC domains of Rpn1 and Rpn2 determined in the present
study are consistent with those previously visualized by atomic
force microscopy (Rosenzweig et al., 2008) and electron micros-
copy (Effantin et al., 2009), the suggestion that the PC domains
form a central pore through which substrates of the proteasome
are translated (Kajava, 2002; Rosenzweig et al., 2008) is not
consistent with our structural data. The Rpn2 structure
described here has been docked into a cryo-EM map of the
26S proteasomewith a high level of agreement (P.C.A.F., unpub-
lished data) at a considerable distance from the axis of the Rpt1-
6 hexamer. Hence, the previously reported structural model in
which the toroids of the PC domains of Rpn1 and Rpn2 form
a coaxial stack on the distal face of the Rpt1-6 hexamer (Kajava,
2002; Rosenzweig et al., 2008) is also unlikely. On the other
hand, the ability of Rpn1 and Rpn2 to interact with ubiquitin-
binding proteins suggests that they play a key role in the recog-
nition of polyubiquitylated proteins by the 19S-RP. In this context
we have mapped the binding region for the ubiquitin receptor
Rpn13 to the 20 C-terminal residues of Rpn2; this is a region
that is disordered and accessible in our structure. The distinctive
structures of Rpn2 and Rpn1 described here form the basis for
understanding the recognition by the 26S proteasome of its
polyubiquitylated substrates, as well as the function of the 26S
proteasome as a whole.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification
Saccharomyces cerevisiae Rpn1 and Rpn2 were expressed as full-length pro-
teins in E. coli Rosetta 2 (Novagen, San Diego, CA, USA) with poly-His fused to513–521, March 7, 2012 ª2012 Elsevier Ltd All rights reserved 519
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The Structure of the 26S Proteasome Subunit Rpn2their N-termini using the pQE-30 vector (Qiagen, West Sussex, UK). Purifica-
tion was performed using a Talon (Clontech, Mountain View, CA, USA) affinity
chromatography column followed with a Resource Q chromatography column
(GE Healthcare, Chalfont, UK). Eluted protein was concentrated and applied to
a HiLoad 16/60 Superdex 200 gel filtration column (GE Healthcare) in 10 mM
Tris-HCl (pH 7.5), 150 mM NaCl, 2 mM DTT, 0.5 mM EDTA, and 5% (v/v) glyc-
erol for final purification and characterization. Selenomethionine-substituted
Rpn2 was obtained by expressing the protein in the E. coli strain B834 (Nova-
gen), grown in Se-Met Plus Nutrient media (Molecular Dimension, Suffolk, UK)
and labeled by Se-Met solution (Molecular Dimension). The selenomethionine-
substituted protein was purified in the same way as the unsubstituted protein,
except that 10mM DTT was introduced in the final gel filtration buffer.
Crystallization
Crystals were grown by vapor diffusion in hanging drops at 18C. Protein at
a concentration of 18mg/ml wasmixed with an equal volume of reservoir solu-
tion containing 100 mM Bis-Tris propane (pH 7.0), 200 mM potassium sodium
tartrate, and 16%–18% (w/v) PEG 3350. Needle-like crystals appeared after
two days and continued to grow for ten days to a typical size of 0.1 3
0.013 0.01 mm. Further optimization was performed under similar conditions
but at reduced PEG 3350 concentration (15%–17% v/v) to obtain larger crys-
tals (typically 0.1 3 0.05 3 0.05 mm) by microseeding. The optimum crystalli-
zation conditions for selenomethionine-substituted Rpn2 were similar to those
for native Rpn2 but with lower PEG 3350 concentrations (13%–15% v/v). All
crystals were cryoprotected with 15% (v/v) glycerol. Crystals were then
mounted and cryocooled in liquid nitrogen.
Structure Solution and Refinement
Native crystals diffract weakly to 3.1 A˚ resolution, whereas selenomethionine
crystals diffracted to 2.5 A˚. A single-wavelength anomalous diffraction dataset
for selenomethionine crystals was collected at a wavelength of 0.9792 A˚ on the
ID21 beamline of the European Synchrotron Radiation Facility. Selenomethio-
nine crystals were highly radiation sensitive. Therefore, data were collected at
two different wedges (WI and WII) from a single Se-Met crystal. The dataset
was processed with Mosflm (Battye et al., 2011) and scaled with Scala (Evans,
2006) to 2.7 A˚. Of the 42 expected Se-Met sites, 38 were located using the
program Shelx (Schneider and Sheldrick, 2002) and refined with the program
Sharp (Schneider and Sheldrick, 2002). Density modification was performed
with Resolve (Terwilliger, 2000) from the Phenix software package (Adams
et al., 2002). The initial model was traced with Buccaneer (Cowtan, 2006).
Model building and refinement of the structure was performed throughmultiple
iterations of Coot (Emsley and Cowtan, 2004) and Phenix-Refine until Rwork
and Rfree values converged and geometry statistics reached suitable ranges.
Translation/libration/screw (TLS) parameters generated from the TLSMD
server (Painter and Merritt, 2006), were used throughout the refinement. Water
molecules were added toward the end of the refinement. The structure was
validated with MolProbity (Davis et al., 2007). Data collection and refinement
statistics are given in Table 1. The atomic coordinates and structure factors
for Rpn2 have been deposited in the Protein Data Bank with accession codes
4ady and 4adysf.
Electron Microscopy and Image Analysis
Rpn1 was applied to Quantifoil 1.2 mm aperture grids coated with continuous
thin carbon at a concentration of 0.1 mg/ml and imaged in an FEI TF20 elec-
tronmicroscope under low dose conditions using a Tietz F415 charge-coupled
device (CCD) camera. Molecular images of Rpn1 were selected from CCD
frames using the boxer program from the Eman software (Ludtke et al.,
1999), and reference-free class averages were calculated with the refined2d
Eman procedure. Multireference alignment was performed with Spider
programs. Imagic programs (van Heel et al., 2000) were used for three-dimen-
sional reconstruction and other single-particle procedures. Atomic coordinate
data were docked into the 3Dmaps with URO (Navaza et al., 2002). The three-
dimensional structure of Rpn1 has been deposited in the EMDataBank with the
accession code EMD-2026.
Rpn2-Rpn13 Interaction Assays
Full-length Rpn2, together with deletion mutants (1–937, 1–924, and 1–907),
were amplified by polymerase chain reaction (PCR), subcloned into a modified520 Structure 20, 513–521, March 7, 2012 ª2012 Elsevier Ltd All righpOPIN vector (D.B., unpublished), and expressed with N-terminal double strep
II tag. The Rpn2 C-terminal fragments (925–945, 908–945, and 892–945) were
subcloned into a pGEX-6p-1 vector (GE Healthcare) and expressed as GST-
fused proteins.
Different deletion mutants of Rpn2, together with wild-type Rpn2 and GST
as controls, were prepurified by affinity chromatography and immobilized to
Strep-tactin resin (1–945, 1–937, 1–924, and 1–907) and glutathione resin
(925–945, 908–945, and 892–945; GST), respectively. His6Smt3-tagged
mutants were purified by affinity chromatography using a HisTrap FF crude
5ml column (GE Healthcare). Untagged Rpn2 (926–945) was produced from
purified 6His-Smt3-Rpn2 (926–945) by incubation with Ulp1 desumolase
enzyme for 1 hr. The reaction mixture was then loaded on an Ni-NTA column,
and free 20 amino acid long Rpn2 (926–945) was collected in the flow through.
The pull-down assays for the double-strep-II-tagged and the GST-tagged
Rpn2 mutants were performed by addition of purified untagged Rpn13 to
wild-type and mutant Rpn2 immobilized on resin and incubated for 1 hr at
4C in binding buffer containing 20 mM Tris-HCl (pH 7.5) and 150 mM NaCl.
Resins were washed three times with binding buffer, and bound proteins
were analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). In the case of the Smt3-tagged mutants and untagged Rpn2
(926–945), 50 mg of protein was applied to the CH-Sepharose beads. The
beads were then blocked with Tris buffer, and 60 mg of RGS-6XHIS-tagged
Rpn13was added and incubated for 2 hr. Elution with 8MUreawas performed,
and eluted proteins were resolved on 15% SDS-PAGE and visualized by
immunoblotting with anti-RGS antibody (Qiagen).
Cloning, Expression, and Purification of Rpn13
Full-lengthS. cerevisiaeRpn13was amplified by PCR from yeast genomeDNA
mixture. The PCR product was subcloned into a pOPNDS vector by uracil-
specific excision reagent cloning (New England Bio, Herts, UK). Rpn13 was
overexpressed in the E. coli strain Rosetta 2 (Novagen). Cells were grown at
24C to an OD600nm of1.0 and induced with 0.5 mM Isopropyl b-D-1-thioga-
lactopyranoside. Induced cells were then grown at 24C for 16 hr.
Purification was performed using a Strep-tactin (Qiagen) affinity chromatog-
raphy. The tag was cleaved from eluted protein with TEV protease at 4C fol-
lowed with a Resource Q chromatography (GE Healthcare). The protein was
concentrated and applied to a HiLoad 16/60 Superdex 75 gel filtration column
(GE healthcare) in 10 mM Tris-HCl (pH 7.5), 150 mM NaCl, 2 mM DTT, and
0.5 mM EDTA.SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures and can be found with this
article online at doi:10.1016/j.str.2011.12.015.
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